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Abstract. An unsteady computational fluid dynamics model is employed to simulate summer-time buoyancy-driven turbulent ventilation in gable-roof attics of residential buildings. The energy performance of vented attics is assessed by
comparing their performance to sealed attics with the same geometry and insulation configurations. The simulated boundary conditions of the roof-top temperature ranging between 295.15 K and 345.15 K, coupled with an ambient temperature
ranging between 295.15 K and 315.15 K, resemble the summer attic conditions with effects of solar irradiance on the
roofs. Simulation results indicate that both the vented and sealed attics are dominated by thermal stratification. The cooling load of the sealed attic is predicted to be about 3 times greater than that of the vented attic for a roof-top temperature
of 345.15 K and an ambient temperature of 305.15 K. Both the cooling load and ventilating air flow rate of the vented attic are sensitive to the ambient temperature variation.
Keywords: attic, summer, natural ventilation, cooling load, turbulence, CFD.

Introduction

Building performance simulation is important for understanding the operational characteristics of built environment and has broad impacts on real world applications
(Laouadi 2009; Sartipi et al. 2010; Cropper et al. 2010;
Blocken et al. 2011; Al-Khameis et al. 2011;
Goldsworthy 2012; Saber et al. 2012). In the United
States, residential buildings consume 35% of the total
electricity, and around 10% of the energy consumption is
used in air conditioning (D&R International 2012). Attics
have been identified as an important contributor to the
cooling load of residential buildings in summer time. As
such, many approaches have been taken to reduce the
heat flux from the attic in summer time. Natural ventilation in attics has been identified and utilized as one effective and low-cost solution for reducing residential summer cooling load in different climate areas (Rose,
TenWolde 2002; Hutchings 1998; Rudd, Lstiburek 1998).
Despite the wide acceptance of attic natural ventilation in
residential construction, the technical data used to quantify ventilation requirements in building codes are very
limited. Numerical simulation (Chen 2009; Chen, Srebric
2002; Chow 2008; Jurelionis, Isevičius 2008) of naturally
ventilated attics provides an effective approach to supply
such technical data for developing low-energy residential
buildings (Parasonis et al. 2012; Džiugaitė-Tumėnienė
et al. 2012).
The majority of the previous research on air flow
and heat transfer in attic spaces is concerned with natural
convection in sealed triangular enclosures, as reviewed
Corresponding author: Zhigang Shen
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by Kamiyo et al. (2010) and by Saha and Khan (2011).
Although the air flow in real residential attics is almost
always turbulent, the majority experimental and numerical studies (e.g. Flack, Witt 1979; Flack 1980; Poulikakos, Bejan 1983; Holtzman et al. 2000; Asan, Namli
2000; Ridouane et al. 2005; Lei et al. 2008; Kent 2009;
Saha et al. 2010; Saha 2011) in this area devoted to the
analysis of flow and heat transfer under laminar conditions, and only a few studies (e.g. Ridouane et al. 2006;
Talabi et al. 2006) investigated turbulent flow and heat
transfer in sealed attics.
Previous studies involving attic ventilation are quite
limited in the literature. For example, Medina et al.
(1998a, b) proposed a correlation-based mathematical
model for vented residential attics and compared model
predictions with experimental data, and Moujaes and
Alsaiegh (2000) employed a finite element model to simulate the thermal effects of placing a radiant barrier system inside a vented residential attic for a case study under
summer weather conditions. As one part of attic research
series, we recently reported our findings on buoyancydriven attic ventilation in winter time under turbulence
conditions (Wang et al. 2012).
In this paper, the energy performance of unconditioned residential attics under summer conditions is investigated to quantitatively assess the benefit of passive attic
ventilation in cooling load savings under various roof and
ambient temperatures, which resemble the summer attic
conditions with effects of solar irradiance on the roofs.
The authors are aware there are cases, in which attics are
air-conditioned in some regions. Air-conditioned attics

Copyright © 2014 Vilnius Gediminas Technical University (VGTU) Press
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are not in the scope of the investigation. The research
context and summer temperature boundary conditions can
be found from Figure 1 (Rudd, Lstiburek 1998). One of
the important aspects of the paper is to understand solar
chimney effects of the naturally ventilated attics on its
energy performance, namely, hot roof enhanced natural
ventilations.
We expect that the results from this study will provide some insights about the how solar irradiance may
facilitate the natural ventilation in the attics, and lead to
reduced cooling load compared to unventilated attics. The
buoyancy-driven air flow and natural convection heat
transfer under summer conditions are modelled by using
ANSYS Fluent 13.0 (ANSYS Inc. 2011). The k-kl-ω
transitional model (Walters, Cokljat 2008), which is a
physics-based transitional turbulence model capable of
modelling turbulent flows from laminar-turbulence transitional regime to fully turbulence regime, is adopted to
simulate a wide range of the roof-top and ambient temperatures. As an eddy-viscosity turbulence model based on
the k-ω framework, the k-kl-ω model includes laminar
kinetic energy to represent the pretransitional fluctuations
in boundary layers. Unsteady Reynolds-averaged NavierStokes (URANS) modelling is used for solving the targeted natural convection problems. The URANS has been
shown to be an effective approach to overcome numerical
stiffness and improve solution convergence in previous
studies for natural convection flows in enclosures (Ozoe
et al. 1985; Henkes et al. 1991; Henkes, Hoodendoorn
1994; Hsieh, Lien 2004).
1. Numerical model

A schematic diagram of a cross-section plan of the physical model of the vented attic is shown in Figure 1. In the
direction perpendicular to the cross-section shown in
Figure 2, it is assumed that the building is long enough to
ignore the effects of the gable-end walls, and thus the
problem is simplified to two dimensional. The modelled
attic space is in a shape of an isosceles triangle, with a
ceiling width of 2W and a height of H, resulting in a pitch
of H/W. Due to the buoyancy stableness of the summertime attic ventilation as well as the assumed symmetry in
both geometry and boundary conditions, only the right
half of attic is included in the computational domain. It
should be noted that the 2D and symmetric assumptions
adopted in this study refer to the time-averaged mean
velocity and temperature distributions, which are actually
solved by the CFD software; as for the total turbulent
quantities with fluctuation components included, the flow
and temperature fields are by nature 3D and asymmetric.
In this study, the modelled attic is assumed to have a
fixed ceiling half-width of W = 4 m and a roof pitch of
5/12, corresponding to a pitch angle of 22.62°. For simplicity, neither roof nor ceiling trusses are included in the
model, and the computational domain is only occupied by
air, which is assumed to be a Boussinesq fluid with a
reference temperature T0 specified to the outside ambient
air temperature to correctly calculate the buoyancy effects. In this study, the ambient temperature is assumed to
vary between 295.15 K and 315.15 K.

Fig. 1. Typical hot summer roof tile temperature compared to
ambient temperature (Rudd, Lstiburek 1998)

Fig. 2. Schematic of the computational domain and boundary
condition

In order to correctly account for the thermal resistances of the ceiling and roof, which are excluded from
the computational domain, convection-type boundary
conditions are applied to both the ceiling and roof boundaries. For example, energy balance across the ceiling
thickness gives:

λ

∂T
∂y

y =0

=

(

λc
T
tc

y =0

)

− Tcb = hc (Tct − Tcb ) ,

(1)

where: Tcb and Tct are the temperatures at the ceilingbottom and ceiling-top, respectively; and the heat transfer
coefficient hc is determined by the thermal conductivity
of ceiling material λ c divided by ceiling thickness tc .

In this study, a ceiling-bottom temperature is specified to Tcb = 295.15 K, while a heat transfer coefficient of
hc = 0.284 W/m2K is adopted to approximate a ceiling
insulation level of R-20. Similarly, a heat transfer coefficient of hr = 4.733 W/m2K (equivalent to an insulation
level of R-1.2) is specified to the roof boundary to simulate a condition of a 3 cm plywood roof, and the roof-top
temperature is allowed to vary between 295.15 K and
345.15 K.
The buoyancy-driven cases considered in this paper
are corresponding to worst-case scenario without winds,
which generally enhance the attic ventilation. For all the
simulations of the vented attic, pressures at the soffit and
ridge vents are specified to be zero gauge pressure. Therefore, the obtained air flow is purely driven by the thermally induced buoyancy forces, i.e. the stack effect. At

676

Z. Shen, S. Wang. Investigating self-cooling effects of ventilated attics under different roof...

the soffit vent, the inlet air is assumed to enter at the ambient temperature with a turbulent intensity of 1%. For
the sealed attic, the geometric configuration and insulation conditions are kept the same as for the vented attic,
except that the ridge and soffit vents are replaced by insulated walls.
Following the URANS approach to turbulence, the
time-averaged air velocity ( ui ), pressure (p), and temperature (T) distributions in the attic space shown in Figure 1
are governed by the continuity, momentum, and energy
equations (Wang et al. 2012), which are solved by ANSYS
Fluent 13.0 (ANSYS Inc. 2011), with the space variables
being discretized by the finite volume method and time
domain discretized by the fully implicit scheme. The coupled algorithm is employed for solving the pressure and
velocity coupling. The discretization of pressure is based
on the second order scheme, while the third-order MUSCL
scheme is adopted for all the other variables.
Non-uniform triangular grids are employed, and the
boundaries are inflated with nodes tightly clustered near
the walls to ensure that the y+ value for the first grid
close to the walls is everywhere less than 1.
Since there is no comparable experimental attic data
found in the literature, especially for vented attics, the
present numerical model is validated through a benchmark problem of mixed turbulent convection in a
square cavity, which has been studied both experimentally (Blay et al. 1992) and numerically (Blay et al. 1992;
Zhang, Chen 2000; Zhang et al. 2007). The validation
method has been used by many (Zuo, Chen 2009; Horikiri et al. 2011; Kuznik et al. 2007) and recommended by
Chen and Srebric (2002). The mixed turbulent convective
air flow within a 1.04×1.04 m cavity is created by a horizontal plane wall jet entering from an inlet slot at the
ceiling level together with a heated floor. Subject to the
experimentally measured boundary conditions (Blay et al.
1992), the predictions of the present model are shown in
Figures 3 and 4. The predicted mean velocity pattern
shown in Figure 3 is very similar to that measured from
the experiment (Blay et al. 1992) and that averaged from
large eddy simulation (Zhang, Chen 2000), while the
predicted profiles of velocity and temperature agree well
with the experimental data, as shown in Figure 4.

(a)

The modelling results presented in this paper are based on grids consisting of about 40,000 nodes and a time
step size of 1 s. All the calculations start from initial conditions of zero velocity and uniform temperature. Within
each time step, 20 iterations are executed. Numerical
experiment show that decreasing the time step to 0.5 s or
requiring 40 iterations in each time step generate negligible difference in solutions. In addition, a grid dependence test shows that refinement of the grids by doubling
the node numbers results in less than 2% difference in the
total mass flow rate and wall heat transfer rate results.
2. The parametric study

The effects of roof and ambient temperatures are investigated for the vented and sealed attics, respectively. For all
the cases investigated, the simulation converges to a
steady solution after ~ 3500 time steps. For the sealed
attic, air flow is confined inside the attic space, and there
is no direct mass transfer between the ambient and the
attic air. As a result, the cooling load of the sealed attic is
expected to be independent of the ambient temperature.
For the vented attic, however, both the ambient temperature and the roof-top temperature affect the cooling load
and the ventilating air flow rate. In reality, both the ambient temperature and roof-top temperature change with
time constantly and may have unlimited combinations.
An economic way to investigate the effects of the ambient and roof temperatures is following a parametric approach by keep one temperature fixed and varying another and vice versa. This is the approach we adopted here.
2.1. Effects of ambient temperature (Tin) for vented
attic

Figure 5 shows the predicted velocity and temperature
distributions for the vented attic with a fixed roof-top
temperature of Trt = 325.15 K and an ambient temperature
varying between 295.15 K and 315.15 K. It is clear that
the general patterns of both the flow field and the temperature field are qualitatively independent of the ambient
temperature variation. For all the ambient temperature
cases, the outside air enters from the soffit vent, travels
along the roof bottom for a distance of the roof length,

(b)

Fig. 3. Predicted (a) streamlines (in kg/m s) and (b) isotherms (in K) for the validation case of turbulent
mixed convection in a square cavity
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(a)

(b)

(c)

(d)

Fig. 4. Comparison of modeling predictions with experimental data for the validation case: (a) vertical velocity
along the section of y = 0.502 m; (b) horizontal velocity along the section of x = 0.502 m; (c) temperature along
the section of y = 0.502 m; and (d) temperature along the section of x = 0.502 m

and then follows two different paths. The mainstream of
the ventilating air continues traveling along the roof bottom and leaves the attic from the ridge vent, while a portion of the ventilating air travels a “detoured” zigzag path
bounded by three convection cells: a counter clockwise
swirling cell near the soffit, a clockwise one occupying
more than half of the attic space, and another counter
clockwise one under the top portion of the roof. The isotherms indicate that for all the ambient temperature cases,
the thermal boundary layers develop along both the roof
and ceiling boundaries, and the attic space is dominated
by thermal stratification, except for the soffit region.
The dependence of the vortex intensity of the circulating cells as well as the minimum and maximum temperatures inside the attic space on the ambient temperature
is depicted in Figure 4 as well. It is clear that an increase
in ambient temperature leads to a decrease in both the
total mass flow rate of the ventilating air and the vortex
intensity. The reduction in mass flow rate is indicated by
the decrease in the maximum value of the stream function
and detoured portion of ventilating air flow, while that in
vortex intensity is reflected by the reduced number of
streamlines associated with the clockwise swirling convection cell. Such results can be explained by the decreasing temperature difference between the roof-top and the
ambient, which is the drive force for the attic air flow.
Figure 5 further shows that both the minimum and

maximum temperatures inside the attic space increase
with the ambient temperature, indicating that the cooling
effect of the attic ventilation declines with the increasing
ambient temperature.
The horizontal velocity profiles along the vertical
line x = 2 m for the vented attic with a fixed roof-top
temperature of 325.15 K and various ambient temperatures are depicted in Figure 6a. For each ambient temperature case, the vertical line x = 2 m cuts through two or
three convection cells (Fig. 5), and the horizontal velocity
shown in Figure 6a changes directions at corresponding
heights accordingly. The velocity peak under the roof is
associated with the mainstream ventilating air flow and
decreases with the increasing ambient temperature, as a
result of decreasing driving temperature difference.
The predicted temperature profiles along the symmetric line x = 0 for the vented attic with a fixed roof-top temperature of 325.15 K and various ambient temperatures are
shown in Figure 5b. For all the ambient temperature cases,
the temperature increases almost linearly with y/H, except
in the regions near the ceiling and the ridge vent, where
much greater temperature gradients indicate the effects of
the ceiling and roof thermal boundary layers. It is also clear
from Figure 5b that both the average attic temperature and
the temperature gradient decrease with the increase in the
ambient temperature, due to the cooling effect decrease
along with the increasing ambient temperature.
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Fig. 5. Predicted (left) streamlines (in kg/m s) and (right) isotherms (in K) for the vented attic with a fixed roof-top
temperature of 325.15 K and various ambient temperatures.dd a descriptive label of the figure here
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(a)

(b)

Fig. 6. Predicted profiles of (a) horizontal velocity at along the vertical line x = 2 m; and (b) temperature along the symmetric line x = 0 for the vented attic with a fixed roof-top temperature of 325.15 K and various ambient temperatures

2.2. Effects of roof-top temperature (Trt) for vented
attic

The predicted velocity and temperature distributions for
the vented attic with a fixed ambient temperature of
Tin = 305.15 K and a roof-top temperature varying between 295.15 K and 345.15 K are shown in Figure 7. The
results for the case with a roof-top temperature of
325.15 K are not shown in Figure 7, because they have
been shown in Figure 5. The flow field and the temperature field for the cases with a roof top temperature higher
than 315.15 K shown in Figure 7 share the same general
patterns as those shown in Figure 5. However, the predicted air flows and temperature distributions for the
cases specified with a roof-top temperature of 295.15 K
and 305.15 K follow completely different patterns.
The fundamental reason for this difference is that
when the roof-top temperature is lower or equal to the
ambient temperature, the ventilating air flow is downward,
i.e. entering from the ridge vent and leaving from the soffit
vent, as a consequence of the fact that the ambient air is
actually cooled inside the attic. As compared to the
295.15 K case, the 305.15 K case is associated with much
slower air flow and much uniform temperature distribution, especially in the top portion of the attic space. For the
cases with a roof-top temperature higher than the ambient
temperature, the streamline distributions in Figure 7 show
that the upward air flow rate and the vertex intensity of the
convection cells increase with the roof-top temperature, in
consistent with the increase in the total temperature difference across the attic space, as indicated by the isotherm
distributions in the figure. The predicted horizontal velocity profiles along the vertical line x = 2 m for the vented
attic with a fixed ambient temperature of 305.15 K and
various roof-top temperatures are shown in Figure 8a. The
velocity profiles for the 295.15 K case and the 305.15 K
case are dramatically different from the other cases. For the
cases with a roof-top temperature higher than or equal to
the ambient temperature, the velocity peak under the roof
monotonically increases with the roof-top temperature. The
predicted temperature profiles along the symmetric line
x = 0 for the vented attic with a fixed ambient temperature
are shown in Figure 8b. For all the roof-top temperature

cases, the predicted temperature in the attic space increases
with y/H, as a result of thermal stratification, and the average attic air temperature increases with the roof-top temperature. For the cases with a roof-top temperature higher
than the ambient temperature, the vertical temperature
gradient increases with the roof-top temperature as well.
2.3. Effects of roof-top temperature (Trt) for sealed
attic

The modelling results of the sealed attic (with the rooftop temperature varying from 305.15 K to and 345.15 K)
are shown in Figures 9 and 10. The streamline distributions in Figure 9 exhibit a qualitatively similar pattern,
dominated by two convection cells, regardless of the
difference in roof-top temperature. Air flow in the top
cell along the roof is counter clockwise and associated
with a stronger vortex (as manifested by a greater number
of streamlines in a narrower space), as compare to the
underlying clockwise swirling cell along the ceiling. The
streamlines above the ceiling boundary are not smooth,
which is caused by many tiny convection cells formed
along the ceiling. The predicted temperature fields for all
the cases shown in Figure 9 are characterized by a combination of thermal boundary layers developed along the
roof and ceiling boundaries and thermal stratification
occupying most of the attic space. It is clear from Figure 8 that both the vertex intensity of the convection cells
and the total temperature difference across the attic space
increase with the roof-top temperature.
The horizontal velocity profile along x = 2 m
(Fig. 10a) indicates that the air flow in the roof boundary
layer has a much higher peak velocity than that in the
ceiling boundary layer. This is mainly caused by the roof
slope, which allows the buoyancy forces to develop and
drive the air flow, as compared to the horizontal ceiling,
along which buoyancy forces cannot build horizontal
gradient and the air flow is purely driven by pressure
difference. The temperature profile along the symmetric
line x = 0 (Fig. 10b) clearly shows the trend that both the
average attic temperature and its vertical gradient increase with the roof-top temperature.
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Fig. 7. Predicted (left) streamlines (in kg/m s) and (right) isotherms (in K) for the vented attic with a fixed ambient
temperature of 305.15 K and various roof-top temperatures
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(a)

(b)

Fig. 8. Predicted profiles of (a) horizontal velocity at along the vertical line x = 2 m; and (b) temperature along
the symmetric line x = 0 for the vented attic with a fixed ambient temperature of 305.15 K and various roof-top
temperatures

3. Summary of the parametric study

The overall effects of the roof and ambient temperatures
on the ventilating air flow rate and attic cooling load are
presented in Figures 11–13. Figure 11 shows the predicted ventilating mass flow rate through the vented attic as a
function of the roof-top temperature as well as the ambient temperature. For a given ambient temperature of
305.15 K, increasing the roof-top temperature from
295.15 K to 305.15 K results in a decrease in downward
mass flow rate from ~ 0.005 kg/s m to ~ 0.002 kg/s m,
while the upward air flow increases by 41%, 70%, and
92%, respectively, as the roof-top temperature increases
from 315.15 K to 325.15 K, 335.15 K, and 345.15 K. On
the other side, the ventilating air flow rate is predicted to
decrease monotonically with the increase in the ambient
temperature. For a fixed roof-top temperature of
325.15 K, the ventilating mass flow rate decreases by 9%,
19%, 31%, and 48%, respectively, as the ambient temperature increases from 295.15 K to 300.15 K, 305.15 K,
310.15 K, and 315.15 K.
The predicted attic cooling load as a function of the
roof and ambient temperatures for both the vented and
sealed attics is shown in Figure 12. All the three curves in
the Figure exhibit monotonic increase of the attic cooling
load (measured by heat transfer through the ceiling boundary) along with the roof-top or ambient temperature.
However, the increasing slopes for the three curves differ
remarkably. The cooling load of the vented attic increases
with the roof-top temperature at a much lower slope, as
compared to the curve corresponding to the sealed attic.
As a result, the sealed attic has a cooling load about 2 to 4
times greater than that of the vented attic, if the roof-top
temperature is 345.15 K, although the cooling loads of
the sealed and vented attics are comparable at the rooftop temperature of 305.15 K. This result clearly shows
the advantage of attic ventilation in reducing the attic
cooling load under typical summer conditions. Figure 12
also indicates that the cooling load of the vented attic
increases by 269% as the ambient temperature increases
from 295.15 K to 315.15 K while the roof-top temperatu-

re is fixed at 325.15 K. Such a result implies that the
cooling load of vented attics is very sensitive to ambient
temperature, and attic ventilation is most effective for
reducing cooling load in climate zones with relatively
low ambient temperature but very strong solar radiation.
The predicted heat gain from the roof as a function
of the roof and ambient temperatures for the vented attic
is presented in Figure 13. For sealed attic, the heat gain
from the roof is not shown in Figure 11, because the overall energy balance of the attic requires the roof heat gain
equal to the cooling load, which is shown in Figure 12
already. It is clear from Figure 13 that the roof heat gain
increases monotonically with the roof-top temperature,
but decreases monotonically with the increasing ambient
temperature. Comparing Figures 12 and 13 indicates that
the roof heat gain is an order of magnitude higher than
the heat loss through the ceiling. Therefore, most of the
heat entering the attic through the roof is carried out by
the ventilating air flow. In other words, attic ventilation
provides an effective mean to cool the roof using the
ambient air.
Conclusions

In this study, a numerical model is employed to evaluate
the summer-time energy performance in triangular attics
with passive ventilation systems. The impacts of roof-top
and ambient temperatures on the cooling load and ventilating air flow are investigated. The findings from the
numerical results are summarized as follows.
The increase of roof temperature (due to solar irradiance) leads to increased natural ventilation rate in the
ventilated attics, which significantly reduced the cooling
load compared to the unventilated/sealed attics. This
result provides scientific guidance to design energyefficient attics. For example, a design to further increase
attic ventilation ratio may further reduce summer cooling
load of attics.
For both the vented and sealed attics, the attic spaces are dominated by thermal stratification, and the cooling load is predicted to increase monotonically with
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Fig. 9. Predicted (left) streamlines (in kg/m s) and (right) isotherms (in K) for the sealed attic with various roof-top temperatures
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(a)

(b)

Fig. 10. Predicted profiles of (a) horizontal velocity at along the vertical line x = 2 m; and
(b) temperature along the symmetric line x = 0 for the sealed attic with various roof-top temperatures

Fig. 11. Predicted ventilating mass flow rate as a function of the
ambient and roof-top temperatures for the vented attic

Fig. 12. Predicted attic cooling load as a function of the ambient
and roof-top temperatures for the sealed and vented attics

the roof-top temperature. However, the cooling load of
the sealed attic increases with the roof-top temperature at
a much greater rate than the vented attic. For the case
with a roof-top temperature of 345.15 K and an ambient
temperature of 305.15 K, the sealed attic has a cooling
load about 3 times that of the of the vented attic

Fig. 13. Predicted heat gain from roof as a function of the ambient and roof-top temperatures for the sealed and vented attics

The cooling load of the vented attic increases monotonically with the ambient temperature. As the ambient
temperature increases from 295.15 K to 315.15 K while
the roof-top temperature is fixed at 325.15 K, the attic
cooling load is predicted to increase by 269%.
The ventilating mass flow rate through the vented
attic increases monotonically with the roof-top temperature and decrease monotonically with the ambient temperature. This indicated solar irradiance actually provides
energy for the self-cooling natural ventilation by significantly increasing upward airflow rate. the For a given
ambient temperature of 305.15 K, the upward air flow
increases by 41%, 70%, and 92%, respectively, as the
roof-top temperature increases from 315.15 K to
325.15 K, 335.15 K, and 345.15 K. For a fixed roof-top
temperature of 325.15 K, the ventilating mass flow rate
decreases by 9%, 19%, 31%, and 48%, respectively, as
the ambient temperature increases from 295.15 K to
300.15 K, 305.15 K, 310.15 K, and 315.15 K.
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